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A survey has been made of the very large body of literature nuw 

An attempt i s  exis t ing on the character is t ics  of fallout par t ic les .  

made t o  summarize i n  concise form the  ranges of p k p i c a l  and radio- 

chemical properties of par t ic les  of the debris produced by devices 

detonated under various conditions. The r e su l t s  of studies of the 

leaching action of various solvents on f a l l o u t  pa r t i c l e s  are a l so  

summarized. 

This document is 
PUBLICLY RELEASABLE 

Authorizing Official 
Date: 3/75%/66 

- 

i 



The p m s i c a l  and radiochemical properties of f a l lou t  particles 

from nuclear weapons do not fall i n to  m.rrawly defined :ranges. Deto- 

nations a t  altitudes suf f ic ien t  t o  prevent incorporatioin of s o i l  i n t o  

the f i reba l l  tend t o  produce small, spherical, highly act ive par t ic les  

w i t h  the a c t i v i t y  d is t r ibu ted  throughout. 

material is  incorporated i n t o  the fireball, one observes increased fre- 

quency of par t i c l e s  with luwer specif ic  ac t iv i ty ,  i r r e g u l a r  shape, 

larger  s ize ,  evidence of partial m e l t i n g  and agglomeration, and a c t i -  

v i ty  concentrated on the surface of the par t ic le .  

of various solvents on f a l lou t  par t ic les  depends upon the nature of 

the particles themselves as wel l  as tha t  of the solvent. 

If s o i l  and (other on-site 

- 

The leaching action 
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INTRODUCTION 

As the application of nuclear mer  expands, the nature of radio- 

I n  addi- act ive debris becomes a subject of ever increasing in t e re s t .  

t i o n  t o  concern w i t h  world-wide radioactive f a l l o u t  from atmospheric 

testing, consideration must be given nuw t o  venting underground explo- 

sions and reactor  accidents, and perhaps i n  the not too d i s t an t  future 

t o  contaminating events produced by the peaceful applications of nuclear 

explosives and t o  the safety aspects of space vehicles and s a t e l l i t e s  

pawered by nuclear reactors and radioisotope sources. 

In  the twenty years since the testing of nuclear devices began, an 

enormous amaunt of at tent ion has been directed toward characterizing 

fallout particles. These studies have involved many di f fe ren t  observers 

a t  many di f fe ren t  ins ta l la t ions ,  and a large literature on the subject 

has accumulated. By far the greatest portion of t h i s  l i t e r a t u r e  is i n  

the form of classif ied and unclassified technical reports t o  t he  Amed 

Services of the U n i t e d  States, although important contributions have 

been made i n  the open literature. 

general unavailabil i ty of this material make it d i f f i c u l t  f‘m the non- 

spec ia l i s t  t o  form a c lear  idea of the general charac te r i s t ics  of fall- 

out. 

The diffuseness, c lass i f ica t ion ,  and 



Nuclear debris resul t ing from various f i s s ion  processes w i l l  natur- 

ally have many similar radiochemical properties. 

a t  high temperatures i n  explosions o r  excursions and thus cons i s t iw  

primarily of oxides of uranium, plutonium, and s t ruc tu ra l  metals w i l l  

Nuclear debris formed 

have many physical properties i n  common. Recognition of t h i s  has led 

t o  an in t e re s t  i n  the  properties of f a l lou t  par t ic les  for the purpose 

of permitting valid comparisons with radioactive debris  from other 

sources and also, equally important, t o  avoid the  p i t f a l l s  of w a r r a n t e d  

comparisons. 

erature and it attempts t o  summarize i n  a concise form the  ranges of 

physical and radiochemical properties t h a t  have been observed. 

This report  i s  the r e su l t  of a survey of -the fa l lou t  lit- 

LITERA- SOURCES 

I n  1960 t he  Defense Atomic Support Agency in i t i a t ed  a project t o  

collect ,  c r i t i c a l l y  se lec t ,  summarize, and publish the  then existing 

test  data relevant t o  the physical and radiochemical properties of f a l l -  

out. More than two hundred source documents were consulted, as were 

pertinent documents covering t h e  tes t ing  since l9& an6 numerous other 

sources of information. This investigation has provided the  background 

f o r  t h e  present report. 

The character is t ics  of f a l lou t  par t ic les  depend t o  a cer ta in  extent 

on such factors  as weapon yield, height of burst  relative t o  ground 

surface, t h e  nature of the  materials i n  t h e  device, the  presence o r  
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absence of a t w e r  o r  other on-site materials f o r  t e s t ing  and instrumen- 

t a t i o n  and how much and w h a t  kind of s o i l  is drawn i n t o  the  fireball .  

For this reason it is  convenient t o  summarize the physical and radio- 

chemical charac te r i s t ics  of the pa r t i c l e s  according t o  the type of 

burst  which produces the f a l lou t .  However, there is some unavoidable 

overlap i n  t he  c lass i f ica t ion  by this method. 

c les  produced by l ow a i r  and by tower bursts  msy resemble e i the r  those 

produced i n  high a i r  bursts  or  those from ground-surface bursts.  Fur- 

thermore, the c lass i f ica t ions  are not completely unambiguous, since a 

burst a l t i t ude  that is high r e l a t ive  t o  a low-yield device might be low 

relative t o  a high-yield device. The interest ing concept of a scaled 

height of burst ,  which w o u l d  properly weight the  parameters i n  such a 

way as t o  prorL.de an unambiguous c lass i f ica t ion ,  does not y e t  seem t o  

have acqpired a formulation which applies t o  a l l  device weights. 

For instance, the parti- 

This summary does not attempt t o  include the properties (other than 

leaching behavior) of f a l lou t  par t ic les  resu l t ing  from bursts on and 

under the surface of the ocean. Many t e s t s  of this kind have been con- 

ducted, but those properties of t he  pa r t i c l e s  which have not been re- 

ported elsewhere (lP2) remain too  poorly defined t o  merit inclusion here. 

Similarly, no information is  included on the par t ic les  formed i n  com- 

p le te ly  contained underground bursts. 

The observations which form the  basis of t h i s  report were made by 

many workers and involved a var ie ty  of objectives, methods, and ins t ru-  

mental biases. I n  par t icular ,  t h e  sampling methods used differed grea t ly  

r 
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and of en are describ 3 i n  weapons test  reports  only loosely or  not a t  

a l l .  

complete sample or  t o  some selected portion of it. Wh+re obscurit ies,  

contradictions, and omissions have been encountered, nb attempt has been 

made t o  incorporate the data. 

I n  f ac t ,  it i s  not always c lear  whether a descriiotion r e fe r s  t o  a 

PHYSICAL PROPEETIES 

Table 1 summarizes s ize ,  shape, color, density, location of ac t iv i ty ,  

and ferromagnetic properties of f a l lou t  par t ic les  f o r  three d i f fe ren t  

ty-pes of burst .  

amount of s o i l ,  while ground-surface bursts  involve large amounts of 

s o i l .  

which sometimes involves s o i l  interact ion w i t h  the f i r , eba l l  and some- 

times does not. 

High air  bursts are those which invoLve no appreciable 

Low air and tower bursts form an intermediate c lass i f ica t ion  

Only rough limits are shown f o r  par t ic le  s ize .  There has been much 

Unfortunately the speculation about the d is t r ibu t ion  of particle s izes .  

t e s t  data available do not permit any def in i t ive  statements. 

information is  available with regasd t o  par t ic les  i n  the submicron s i z e  

group, 

apparently account f o r  only a small f rac t ion  of t o t a l  mass and ac t iv i ty  

i n  loca l  fallout and f o r  ground surface bursts. I n  high a i r  bursts,  

however, they may be the largest contribution t o  world wide f a l lou t .  

Very l i t t l e  

Par t ic les  i n  this s i z e  range cer ta in ly  e x i s t  i n  f a l l a u t ,  but 
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TABU 1. PHYSICAL PEZOPERTIES 

High A i r  Burst Law Air and Tower Ground Surface 
Bursts Bursts 

Size Seldom greater  Range from a few microns Same as low air 
than 20 microns t o  several hundred o r  a and tower 
diameter. D i s t -  few thousand microns. bursts . 
r ibut ion unknown. Upper l i m i t  depends 
Size varies in-  upon nature and amount 
versely with of interact ing s o i l ,  e tc .  
yie1d.a 

i ca l .  Occasion- gular.  Proportions de- c l e s  predominate. 
a l ly  two spheres pend on shot conditions. Some spheroids 
a re  stuck to-  S m a l l  spheres stuck t o  observed. V a r i  - 
gether. a l a rger  par t ic les  some- ous kinds of 

times reported. agglomerates 

shape Almost a l l  spher- Both spheroidal and irre- I r regular  parti- 

and p a r t i a l l y  
melted parti- 
cles .  

Color Colorless, gold- Colorless, gold-yellow, S o i l  color pre- 
yellow, orange, orange, red, brown, dominates, but 
red, brown, green, black. other colors 
green, black . a l so  noted. 

Density 3 t o  4.3 g/cc 1 t o  3 g/cc 1 t o  3 g/cc 
Activity Par t ic les  are Solllle par t i c l e s  ac t ive  Activity con- 
b c a t i o n  act ive through- throughout. Some have centrated on 

out. a c t i v i t y  mainly on sur- re la t ive ly  small 
face or outer zones. proportion of 

par t ic les ,  mainly 
those t h a t  appear 
t o  have been par- 
tially melted. 

E.erI-0- No data. mrti c le s  may or  may not Small proportlon 
magnetism be magnetic. Mmetism of pa r t i c l e s  

may be associated with sometimes mag- 
dark color. I n  s h e  net ic .  Depends 
tower bursts  most par- on s o i l  and ma- 
t i c l e s  may be magnetic. terials on s i t e  

of detonation. 
__ ~- _ _  -- __ 

a Some large non-spherical pa r t i c l e s  were reported f r o m  a sub-megaton air 
burst  1480 feet above cora l  reef. 
ported from a high yield air  burst  4350 f e e t  over water. 

Some lame pa r t i c l e s  were also re-  
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Statements about the shape and color of the partic;les a r e  essent ia l ly  

qgal i ta t ive and are  based on subjective judgments. 

par t ic les ,  which a r e  charac te r i s t ic  of high air  bursts,,  become scarcer 

as more s o i l  in te rac ts  with the  fireball, but they are observed occasion- 

a l l y  even i n  deeply buried crater ing shots. 

f a l lou t  par t ic les  sometimes have been ascribed t o  the :presence of speci- 

f i c  chemical elements. Such assignments are not  very strongly supported 

by chemical analysis. 

served i n  surface and tower shots. 

!Ry? small spherical  

The colors observed i n  

Rgures  1 through 4 show some +&pica1 shapes ob- 

The density values given are f o r  s ingle  par t ic les ;  that is, they 

The location of are t rue  dens i t ies  ra ther  than bulk or  t a p  densi t ies .  

radioact ivi ty  within the pa r t i c l e s  has been studied mainly by autoradio- 

graphic methods applied t o  t h i n  sections or mounted par t ic les .  

3 and 4 i l l u s t r a t e  t h i s  technique. 

out pa r t i c l e s  have not been studied much. 

Figures 

The ferromagnetic properties of fa l l -  

RADIOCWICICAL PROPERTIES 

Table 2 summarizes spec i f ic  ac t iv i ty ,  decay, fractionation, induced 

ac t iv i ty ,  and deposition and p b i t i o n  of f a l lou t  par t ic les .  These pro- 

per t ies  are s t r o q l y  dependent on whether or not s o i l  i n t e rac t s  w i t h  the 

fireball. The f i rs t  two c lass i f ica t ions  of bursts i n  the t a b l e  are based 

mainly on t h i s  dis t inct ion.  A th i rd  c lass i f ica t ion ,  Eub-surface c ra te r -  

ing bursts,  has been added since some of the radiochemical properties 

of deeply-buried bursts are d is t inc t ive .  
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N R D L  3 3 4 - 6 5  

Fig. 1. 
shot i n  Nevada. 
shows numerous adhering small pa r t i c l e s .  

A typ ica l  radioactive f a l l o u t  p a r t i c l e  from a tower 
The pa r t i c l e  has a d u l l ,  metal l ic  l u s t e r  and 

_. . 

Fig. 2 .  
Nevada. 
surface.  

An act ive f a l l o u t  p a r t i c l e  from a tower shot i n  
The p a r t i c l e  i s  spherical  with a b r i l l a n t ,  glossy 
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N R D L  3 3 4 - 6 5  

Fig. 3. 
section of a spherical particle from a ground surface shot at 
Eniwetok. 
the particle. 

Photograph (left) and autoradiograph (right) of a thin 

The radioactivity is uniformly distributed throughout 
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N R D L  

~ ~~ 

Fig. 4 -  
section of an irregular particle from a ground-surface shot at 
Bikini. The radioactivity is concentrated on the surface of the 
particle. 

Photograph (left) and autoradiograph (right) of a thin 
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TABLE 2. RADIoCXIENICAL PROPEEdbS 

High Air Bursts Law A i r  or Surf'ace I Sub-surface 
(No s o i l  enters Bursts (Soil  enters Cratering 

I 

f i reba l l )  f i reba l l )  1 Bursts 
Specific Volume specific ac t i -  mer than that of Shots involving 
Activity vlty ( d p  a t  25 days high air bursts, very large amounts 

per cubic micron) 2 depending on of s o i l  may not 
t o  750, depending on amowit of tower, produce more than 
yield. The number of soil, etc., in ter-  1010 ecpivalent 
zr95 equivalent fis- acting in fa l lout  f i s s ions  of Zr95 
sionsw per gram can fonaation. mi- per gram. 
be estimated from: ca l  surface shots I 

Device weight(@; 

values. Experimental equivalent f issions j 
values range as high 
as 1018 t o  1021 fis- 
sions per gram. 

ranges from 0.5 t o  nent approximately bursts. 
1.7 with modal value 1.2. 
of about 1.1 f o r  large 
(greater than 1 micron 
diameter) par t ic les  . 

produce fa l lou t  

per gram. 

Decsylcrt Beta decay exponent Gamma decay expo- Same as low a i r  

Fraction- Larger par t ic les  Close-in fa l lou t  Cratering shots may 
ation (greater than 1 micron i s  usualw deple- t rap  large amounts 

diameter) depleted i n  ted i n  volat i le ly  of refractory mass 
vo lat i lely behaving behaving mass chains i n  fall- 
mass chains. Submi- chains, while back. In  these 
cron par t ic les  re la-  world-wide fa l lou t  cases, local  fall- 
t ively representative. is  enriched. out i s  enriched i n  

volat i le ly  behav- 
ing mass chains. Continued 

W s  is the number of atoms of fissioning material rtqgired t o  produce 
le, suppose :lo00 atoms of zr95 

For 
the zr95 found i n  the sample. 
are  found i n  a sample of debris from U2 5 thermal ne{xkon fission. 
Since i n  t h i s  f iss ion process the fissioning of 100 1~235 atoms produces 
6.26 atoms of 2 8 5 ,  the semple of debris contained 1000/.0626 or 15,970 
ewivalent  f issions of Zr95. 

where A1 is the ac t iv i ty  a t  time tl. 
WPhe exponent referred t o  is  the m t i t y  x i n  the eqiiation A1/A2 = (t2/tl)x 
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TABLE 2. RADIOCHEMICAL P R O ~ E S  (Continued) 

High Air Bursts b w  A i r  or Surface Sub -Surf ace 
(No s o i l  enters Bursts (Soil  enters Cratering 
f i reba l l )  - f i r eba l l )  Bursts 

Induced Numerous induced ac t i -  Remarks on high Remarks on high air 
Activity vities observed. 

Those of nass less 
than mass 203 do not 
appreciably increase 
the ac t iv i ty  a t  early 
times. Contribut on 

and N p 4 9  are variable 
of $37 u239, u2 k 0 

air  bursts apply, bursts apply, ex- 
except t ha t  a t  cept that a t  early 
early times acti- times ac t iv i ty  
vity from ~ n 5 6  from IVaa may be- 
(particularly i n  come appreciable. 
s t e e l  tower bursts)  
and Na& may be 
appreciable. 

C l o s e - i n  radiation CigariiGijjiXfall- 
and goes in to  world-wide 
Parti t ion fallout.  If height 

of burst is low 
enough, ground-radi- 
ation patterne result 
from induced actlvity.  
The radiation contours 
of these patterns are 
circular  aad can reach 
1-hr dose rates of 25 
r/hr at  the center 
when ground material 
is  not drawn in to  the 
fire-ball. Relatively 
l i t t l e  ground material 
raises, this dose rate  
t o  lo00 r/hr by scav- 
e-ng radioactive 
material from the 

* cloud. 

f ield6 of high in- 
tensity,  extending high intensity, 
downwind i n  cigar- l ike  surface 
shaped pattern. bursts except 
Deposits as high mass deposited 
as a few grams of be much 
fa l lou t  per sware greater. Large 
foot f o r  typical  
surface shots . 
Farti t ion between down i n  fall-back 
close-in and world- and local  fa l l -  
wide fa l lou t  vari- out. This varies 
owly estimated a t  with nuclide, due 
25$-to-75$ close-in; t o  fractionation. 
depends on device I n  on event 128 
tions, etc. of zr95 reported 

out f ields of 

part of ac t iv i ty  
may be brought 

yleld, s o i l  condi- of Sr 8 9 and 0.28 

t o  have escaped 
in to  world-wide 
fa l lou t  . 

11 
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studied (39495) The ear ly  expectation that this would prove t o  be a 
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greatly from sample t o  sample. 

f ract ionat ion of the radionuclides i s  caused by differences i n  the con- 

densabili ty of the elements canposing the mass chains during the very 

It is  generally beUeved that th i s  

. I  

rapid quenching of the f i reba l l .  Thus, mass chains which contain Br, 

I, K r ,  and Xe at ear ly  times (vola t i le  chains, such as mass-89 and 

mass-137) may condense a t  a d i f fe ren t  time and i n  a d i f fe ren t  way f r o m  

chains which do not contain these elements (refractory chains such as 

mass-95 and mass-lb), A method f o r  the systematic analysis of radio- 

chemical data on fractionated nuclear debris has been developed by 

Freil ing . (9) 
Both f i s s ion  and Fusion processes result i n  the production of 

ac t iv i ty  other than fission-product ac t iv i ty .  These a c t i v i t i e s ,  called 

induced ac t iv i t i e s ,  arise from the interact ion of neutrons with the 

atmosphere, the  unburned core material, the  device casing and shielding, 

and the tuwer materials and other on-site materials including the s o i l .  

The range of nuclides observed i n  f a l lou t  which a re  a t t r ibu ted  t o  neu- 

t ron  act ivat ion i s  large and includes, for example: Be7, N a  24 28 , A 1  , 

Np239. 

f o r  inducing ac t iv l ty  is of the same order of q n i t u d e  as the number 

of f iss ions,  and this number must be dis t r ibuted among a l l  induced 

ac t iv i t i e s .  It i s  therefore unlikely t h a t  more than one or  two  of the 

induced activities w i l l  be present i n  fission-event f a l lou t  i n  su f f i c i -  

The number of neutrons from a f i s s ion  event that are available 

ent qyantity t o  account for an appreciable f rac t ion  of the t o t a l  ac t iv i ty  



at reasonably early times after detonation. Since most 

a c t i v l t i e s  d ie  out within a far years, the contribution1 of pers is tent  

fission-product 

60 
induced activities, such as Co , may become important i n  

old fallout. 

The effects of leaching nuclear debris are of pardiculas. i n t e re s t  

because of t h e i r  re la t ion t o  the biological availabilit!y I of the radio- 

active species, and ,considerable e f f o r t  has been devotdd t o  documenting I 
these effects.  

tensively investigated are d i s t i l l e d  water (including +aimater) , sea- 

water, and 0.2 HC1. 

because of their re la t ion  t o  weathering and s o i l t r a n s & r t .  

is of importance i n  the uptake of radionuclides i n  thelmarine biosphere. 

The 0.U - HC1 is generally considered t o  be a simulant kor stomach f luids .  

The leachin@; properties of nuclear debrie, have us'ually been reported 

Of the numerous solvents studied, by f(ir the most ex- 

D i s t i l l &  water and rainwater are of in t e re s t  

Seawater 

i n  terms of the fract ion of gross beta or  gross gamma 'activity found i n  

a solid,  soluble or col loidal  state, 

complex. 

particle s i ze  and type, its previous history, the duration of leaching 

action and the solvent employed, it also depends upon ,the t i m e  after 

I n  these terms tihe behavior i s  very 

&-sides depending upon the matrix material o:f the  fa l lou t ,  i ts  

detonation a t  which leaching begins. Results i n  tern,  of individual 

nuclides are much more s ignif icant ,  but these are relabtively scarce. 

The most desirable data of all, the rates of dissoluti,on of individual 

nuclides, are vlrtuaUy non-existent, doubtless becade  of the e f f o r t  
I 
I 

14 



recpired. Most workers report  some "eqilibrium value" of t he  solubi l -  

i t y ,  which usuaUy corresponds t o  a level l ing off of the curve f o r  

leached a c t i v i t y  VS. t i m e .  

Results i n  terms of gross beta a c t i v i t y  suffer the addi t ional  d i s -  

advantage of requiring great care f o r  reliable determination and it is  

seldom c lea r  that this care has been taken. It does appear t o  have been 

established, however, that gross beta a c t i v i t y  i s  more eas i ly  leached 

i n  going from tower-shot debris t o  s i l i ca te -burs t  debris t o  a i r -burst  

debris. As expected, 0.m - HC1 is  more effect ive than water: Water 

dissolves a t  most a few percent of the gross beta a c t i v i t y  f r o m  tawer 

debris; 0.W - HCldissolves most of the gross beta ac t iv i ty  i n  air-burst 

debris. 

decreases. 

soluble i n  water, not only the  gross beta ac t iv i ty  but the particles 

themselves. Fresh coral-burst debris i s  largely CaO and and 

hence raises the pH considerably when it dlssolves ( to  10-11). 

Some authors report  that the so lubi l i ty  increases as the s i ze  

The debris fran coral-surface bursts  i s  reported t o  be highly 

Measurements of gross gamma a c t i v i t y  i n  samples of debris from 

cora l  surface shots show that a t  4-8 days only about 8 46 of the a c t i v i t y  

drs 

dissolves, but a t  20 days some 23$ dissolves. 

siderably luwer than those reported f o r  gross beta ac t iv i ty .  

face-water barge shots, at 2-3 days, 60-7046 dissolves. 

island and barge cases the co l lo ida l  f rac t ion  was re l a t ive ly  negligible. 

These r e s u l t s  are con- 

For sur- 

I n  both the 

Radiochemical measurements of the leached material f r o m  s i l i c a t e -  

surface and subsurface bursts indicate  that iodine,,cesium, strontium 



n 

and barium radionuclides are among the pr incipal  contrib'utors t o  the 

leached ac t iv i ty .  

i n  so lub i l i t y  w i t h  decreasing pa r t i c l e  s i z e  has been c1e)xrly established. 

Unexpectedly, the superior leaching parer of 0,l.N - HC1 cn(er water d is -  

appears f o r  par t ic les  less than 4.4 microns i n  diameter, 

I n  the case of s i l icate-surface burs$s, the increase 

Of par t icu lar  i n t e re s t  is a study on weathering eff;ects which con- 

cludes that t h e  e f f ec t  of rainwater i n  leaching s i l i c a t e  p r t i c l e s  is 

minor. The physical movement of the  s o i l ,  caused by ra in,  is more 

effect ive i n  transporting the ac t iv i ty .  

The physical state distributions of individual radionuclides for 

water surface and underwater bursts  have recently been disucssed a t  

length elsewhere. (2) 

DISCUSSION 

The physical and radiochemical properties of f a l lou t  particxes 

frm nuclear weapons do not f a l l  i n t o  narrowly defined I-anges. 

ing on the  charac te r i s t ics  of the device and the shot conditions, par- 

t i c l e  sizes m a y  range from sub-micron t o  centimeter dimensions. 

a l l  colors common t o  minerals may be observed a t  least occasionally; 

spec i f ic  a c t i v i t y  may vary over many orders of magnitude; ac t ive  par- 

Depend- 

Almost 

t i c l e s  may have e i the r  i r regular  o r  spheroidal shapes and be either 

magnetic or non-magnetic. 

s u d a c e  or uniformly dis t r ibuted throughout the pa r t i c l e  and a l l  degrees 

of f ract ionat ion may be observed. 

Activity may be concentrated on the pa r t i c l e  
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If the  components of the device, the height o r  depth of the detona- 

t i on  and the nature of the s o i l  and other on-site materials a r e  speci- 

fied, t he  range of properties t o  be expected i n  the f a l lou t  par t ic les  

can usually be narrowed considerably. 

f i c i e n t  t o  prevent incorporation of s o i l  i n t o  t h e  f i r e b a l l  tend t o  

produce small, spherical, highly act ive par t ic les  with the a c t i v i t y  

dis t r ibuted throughout. 

porated in to  the fireball, one observes increased frequency of par t ic les  

w i t h  lower specif ic  ac t iv i ty ,  irregular shape, larger  s ize ,  evidence 

of partial m e l t i n g  and agglomeration, and act ivi ty  concentrated on the 

surface of the par t ic le .  

Detonations a t  a l t i t udes  suf- 

If s o i l  and other on-site material is incor- 

The leaching action of various solvents on f a l lou t  pa r t i c l e s  i s  

quite complex and depends rather strongly upon the  nature of the par- 

t i c l e s  themselves a s  w e l l  as that of the solvent and the experimental 

conditions. 



1. 

2. 

3. 

4. 

5. 

6. 

7. 

8. 

9. 

10 . 

11 . 

REFERENCES 

C. E, Adams, N. H. Farlaw and W. R .  Schell, "The Coldpositions, 
Structures and Origins of Radioactive Fall-out Parti'cles, 
Cosmochim. Acta L 18:42, 1960. 

E. C. Freil ing and N. E. Ballou, "Nature of Nuclear bebris i n  Sea- 
Water, '' Nature - 195 : 1283, 1962. 

K. W a y  and E. P. Wigner, "The Rate of Decay of Fissilon Products," 
Fbys. Rev. ~ : 1 3 1 8 ,  1948. 

P. Zigman and J. Mackin, "Early Time Decay of Fission Product 
Mixtures 11, I' Health Physics - 5:79, 1961. 

J. E, Watson, Jr., "An Analysis of Calculated and Me'asured Fission 
Product Activit ies,  
Proving G r a d ,  RRL-1239, February 1964. 

J. L. Magee, "Worldwide Effects of Debris from the A'tomic Bomb, 
Appendix 11, Project Sunshine," U. S .  Atomic Energy Commission, 

Geochim. 

Ba l l i s t i c  Research Laboratories, Aberdeen 

AECU-3488, 6 A w t  1963. 

K. Edvarson, K. Lar and J. Sisefsky, "Fractionation Phenomena in  
Nuclear Weapon Debris , I' Nature - 184 : 1771, 1959. 

C. F. Miller, Fallout and Radiological Countermeasur,es, L Stanford 
Research Ins t i t u t e ,  1963. 

E. C. Freiling, "Radionuclide Fractionation i n  Bomb Debris, 
Science - 133 : 1991, 1961. 

R. P. Shields,  W. E. B r a m i n g ,  Jr., C. E. Miller, Jri., and B. F. 
Roberts, "Release of Fission Products on the  In-Pile' Melting or  
Burning of Reactor FUels," i n  Eighth AM: A i r  Cleaning Conference 
(oak Ridge), TID-7677, 1963. 

T. Mamuro, K. Yoshikawa and N. Maki, "Radionuclide &actionation i n  
Fallout particles,  Health Physics - 11: 199, 1965. 

18 



Chemistry 

INITIAL DISTRIBUTION 

CoDies 

1 
2 
1 
1 
3 
1 
1 

1 
1 
1 
1 
1 
1 

1 
1 
1 
1 

2 
1 
20 

3 
3 

Chief, Bureau of Ships (Codes 320-364A) 
Chief, Bureau of Ships (Code 210L) 
Director, Naval Research Laboratory 
Chief of Naval Research (Code 422) 
CO, Office of Naval Research, FPO, New York 
Supt . , Naval. Postgraduate School Mont erey 
Commander, Mare Island Division SFBNS 

ARMY 

Chief of Research and Development (Atomic Office) 
CG, Army Materiel Command (AMCRD-DE-NE) 
Commandant, Chemical Center and School 
Commander, Nuclear Defense Laboratory 
CO, Engineer Research and Development Laboratory 
Director, VSACDS Nuclear Group 

__. 

A I R  FORCE 

Director, USAF Project RAND 
A i r  Force Weapons Laboratory, Kirt land AJ?B 
Commander, A i r  Force Cambridge Laboratories (CRM-XLR) 
Director, A i r  University Library, Maxwell AFB 

CYTHE3 DOD ACTIVITIES 

Director, Defense Atomic Support Agency (Library) 
Commander FC/DASA, Sandia Base (FCDV) 
Defense Documentation Center 

AEC ACTIVITIES AND OTHERS 

Argonne N a t  ional Labor at  ory 
Atomic Energy Commis s ion, Washington 



1 
1 
1 
2 
2 
1 
1 
1 
2 
2 
15 

35 

Atomic Energy Commission, Division of Research (Dd;. Pierce) 
Atomic Energy Commission, Space Nuclear Propulsior! Office (Mr.Dix) 
Atomic Energy of Canada, Limited 
Brookhaven National Laboratory 
Los A l m s  Scientific Laboratory (Library) 
National Bureau of Standards (Library) 
Sandia Corporation, Albuquerque 
Sandia Corporation, Livermore 
U. of California Lawrence Radiation Laboratory, L4vermore 
U. of California Lawrence Radiation Laboratory, Becrkeley 
Division of Technical Extension, Oak Ridge 

USNRDL 

Technical Information Division 

DISTRIBUTION DATE: 1 November 1965 

20 



e 

Naval Radiological Defense Laboratory 
USNRDL-TR-899 
PHYSICAL AND RADICCHplICAL PROPERTIES 

OF FALLOUT PARTICLES, by G. R. Crocker, 
J. D. O'Comor and E. C. Freiling 
15 June 1965 28 p. tables illus. 
ll refs. UNCLASSIFIED 

A survey has been made of the very large 
body of literature now existing on the char- 
acteristics of fallout particles. 
is made to summarize in concise form the 
ranges of physical and radiochemical proper- 
ties of particles of the debris produced by 
devices detonated under various 
conditions. The results of 

An attempt 

(mer 1 

1. Radioactive fallout 
2. Fallout-analysis 

I. Crocker, G. R. 
11. O'Connor, J. D. 
111. Freiling, E. C. 
IV. Title 
V. 

UNCLASSIFIED 

- 

/ -\ 
0 
\.' 

studies of the leaching action of various solvents on fallout particles 
are also summarized. 

UNCLASSIFIED 

Naval Radiological Defense Laboratory 
USNRDL-TR-899 
PHYSICAL AND RADIOCHEMICAL PROPERTIES 

OF FALLOUT PARTICLES, by G. R. Crocker, 
J. D. O'Connor and E. C. Freiling 
15 June 1965 28 p. tables illus. 
ll refs. UNCLASSIFIED 

A survey has been made of the very large 
body of literature now existing on the char- 
acteristics of fallout particles. An attempt 
is made to summarize in concise form the 
ranges of physical and radiochemical proper- 
ties of particles of the debris produced by 
devices detonated under various Yn\ 
conditions. The results of 

( we2' 1 

1. Radioactive fallout 
2. FaUout-analysis 

I. Crocker, G. R. 
11. O'Connor, J. D. 
111. Freiling, E. C. 
N. Title 
V. 

UNCLASSIFIED 

/ -\ 
I I  \.' 

studies of the leaching action of various solvents on fallout particles 
are also summarized. 

UNCLASSIFIED 

i 
I 



Naval Radiological Defense Laboratory 
USNRDL-TR-~~~ 
PHYSICAL AND RADIOCHEMICAL PROPERTIES 

OF FALU)UT PARTICLES, by G. R. Crocker, 
J. D. OIComor and E. C. Freiling 
15 June 1965 28 p. tables illus. 
ll refs. UNCLASSIFIED 

A survey has been made of the very large 
body of literature now existing on the char- 
acteristics of fallout particles. 
is made to summarize in concise form the 
ranges of physical and radiochemical proper- 
ties of particles of the debris produced by 
devices detonated under various Jn\ 
conditions. The results of 

An attempt 

(Over) 

1. Radioactive fallout 
2. Fallaut-analysis 

I. Crocker, G. R. 
11. O'Connor, J. D. 
111. Freiling, E. C. 
N. Title 
V. 

UNCLASSIFIED 

1 -\ 
( 1  
\-' 

studies of the leaching action of various solvents on fallout particles 
are also summarized. 

UNCLASSIFIED 

Naval Radiological Defense Laboratory 

OF FALLOUT PARTICLES, by G. R. Crocker, 
J. D. OIComor and E. C. Freiling 
15 June 1965 28 p. tables illus. 
ll refs. UNCLASSIFIED 

USNRDL-TR-899 
PHYSICAL AND RADIOCHEMICAL PROPERTIFS 

A survey has been made of the very large 
body of literature now existing on the char- 
acteristics,of fallout particles. A n  attempt 
is made to summarize in concise form the 
ranges of physical and radiochemical proper- 
ties of particles of the debris produced by 
devices detonated under various J - b  
conditions. The results of I 1  '-' ( w e r  1 

1. Radioactive fallout 
2. Fallat-analysis 

I. Crocker, G. R. 
II. O'Connor, J. D. 
111. FreiUng, E. C. 
N. Title 
v. 

UlJCLASSIFIED 

studies of the leaching action of various solvents on fallout particles 
are also summarized. 

UNCLASSIFIED 



Naval Radiological Defense Laboratory 
USNRDL-TR-899 
PHYSICAL AND RAD1Ocmcfi PRoPER!rns 

OF FALUXIT PARTICLES, by G. R. Crocker, 
J. D. O'Corplor and E. C. Freiling 
15 June 1965 28 p. tables illus. 
ll refs. UNCLASSIFIED 

A survey has been made of the very large 
body of literature now existing on the char- 
acteristics of fallout particles. 
is made to summarize in concise form the 
ranges of physical and radiochemical proper- 
ties of particles of the debris produced by 
devices detonated under various 

An attempt 

conditions. The results of I 1  
(mer) '-' 

1. Radioactive fallout 
2. Fallout-analysis 

I. Crocker, G. R. 
11. O'Connor, J. D. 
111. Freiling, E. C. 
IV. Title 
V. 

UNCLASSIFIED 

/ -\ 
( 1  

. \-/ 

studies of the leaching action of various solvents on fallout particles 
are also summarized. 

UNCLASSIFIED 

Naval Radiological Defense Laboratory 
USNRDL-TR-899 
PHYSICAL AND RADIOcHEsIIcAL PROPERTIES 

OF FALLOUT PARTICLES, by G. R. Crocker, 
J. D. O'Comcr and E. C. Freiling 
15 June 1965 28 p. tables illus. 
ll refs. UNCLASSIFIED 

A survey has been made of the very large 
body of literature now existing on the char- 
acteristics of fallout particles. 
is made to summarize in concise form the 
ranges of physical and. radiochemical proper- 
ties of particles of the debris produced by 
devices detonated under various /-\ 
conditions. The results of 

An attempt 

'-' ( w e r  1 

1. Radioactive fallout 
2. Fallout-analysis 

I. Crocker, G. R. 
11. O'Comor, J. D. 
111. Freiling, E. C. 
IV. Title 
V. 

UNCLASSIFIED 

/ -\ 
[ I  \-' 

studies of the leaching action of various solvents on fallout particles 
are also summarized. 

UNCLASSIFIED 

L 
I 



Naval Radiological Defense Laboratory 
usmL-TR-899 
PHYSICAL AND RADIOCHEMICAL PROPERTIES 

OF FALLOUT PARTICLES, by G. R. Crocker, 
J. D. O'Comor and E. C. Freiling 
15 June 1965, 28 p. tables illus. 
IJ. refs. UNCLASSIFIED 

A survey has been made of the very large 
body of literature now existing on the char- 
acteristics of fallout particles. 
is made to summarize in concise form the 
ranges of physical and radiochemical proper- 
ties of particles of the debris produced by 
devices detonated under various 
conditions. The results of 

An attempt 

( w e r  1 

L. Radioactive fallout 
?. FaUout-analysis 

I. Crocker, G. R. 
[I. O'Connor, J. D. 
111. Freiling, E. C. 
KV. Title 
P. 

UNCLASSIFIED 

/ -\ 
I 1  \-' 

studies of the leaching action of various solvents on fallout particles 
are also summarized. 

UNCLASSIFIED 

Naval Radiological Defense Laboratory 
USNRDL-TR-899 
PHYSICAL AND RADIOCHEMICAL PROPERTIES 

OF FALLOUT PARTICLES, by G. R. Crocker, 
J. D. O'Connor and E. C. Freiling 
15 June 1965 28 p. tables illus. 
ll refs. UNCLASSIFIED 

A survey has been made of the very large 
body of literature now existing on the char- 
acteristics of fallout particles. 
is made to sunrmarize in concise form the 
ranges of physical and radiochemical proper- 
ties of particles of the debris produced by 
devices -detonated under various 

An attempt 

conditions. The results of I f  '-' (mer) 

1. Radioactive fallout 
2. Fallout-ahalysis 

I. Crocker, G. R. 
11. O'Connor, J. D. 
111. Freiling, E. C. 
IV. Title 
v. 

UNCLASSIFIED 

studies of the leaching action of various solvents on fallout particles 
are also summarized. 

UNCLASSIFIED 



UNCLASSIFIED 
Security Classification 

DOCUMENT CONTROLDATA-R&D 

. ORIGINATING ACTIVITY (Corporate author) 2 s .  R E P O R T  S E C U R I T Y  C L A S S I F I C A T I O N  

UNCLASSIFIED 
2 b  G R O U P  

U. S. Naval Radiological Defense Laboratory 
San Francisco, California $135 

I. R E P 0  RT DATE 7 a  T O T A L  NO. O F  F A G E S  

1 November 1965 28 

I. REPORT T I T L E  

PHYSICAL AND RADIOCHEMICAL PROPERTIES OF FALLOUT PARTICLES 

7 b .  NO. O F  R E F 3  

11 

I. DESCRIPTIVE NOTES (Type of  report and inclusive dates) 

la C O N T R A C T  O R  G R A N T  N O .  

AEC(AT-49) -2505 (4) 
b. P R O J E C T  N O .  

C .  

d.  

9s ORIGINATOR'S REPORT NUMBER(S) 

USNRDL-TR-899 

Ob. O T U E R  R P O R T  NO(S) (Any othernumbers that may be maaimed 
t h i s  repor5 

I .  SUPPLEMENTARY NOTES 

UNCLASSIFIED 
Securitv Classification 

( 2 .  SPONSORING MILITARY ACTIV ITY 



14. 
K E Y  WORDS 

Fallout 
Nuclear debris 
Air burst 
Surface burst 
Tower burst 

INSTRUCTIONS 

LINK B LINK C 

L ’ N K A  R O L E  I W T  I 

1. ORIGINATING ACTIVITY Enter the name and address 
of the contractor, subcontractor, grantee, Department of De- 
fense activity or other organization (corporate author) issuing 
the report. 
2a. REPORT SECUHTY CLASSIFICATION Enter the over- 
all security classification of the report. Indicate whether 
“Restricted Data” is included. Marking is to be  in accord- 
ance with appropriate security regulations. 
26. GROUP: Automatic downgrading is specified in  DoD Di- 
rective 5200.10 and Armed Forces Industrial Manual. Enter 
the group number. Also, when applicable, show that optional 
markings have been used for Group 3 and Group 4 as  author- 
ized. 

3. REPORT TITLE Enter the complete report title in all 
capital letters. Titles in all ca ses  should be  unclassified. 
If a meaningful title cannot be selected without classifica- 
tion, show title classification in all capitals in parenthesis 
immediately following the title. 
4. DESCRIPTIVE NOTES If appropriate, enter the type of 
report, e. g., interim, progress, summary, annual, or final. 
Give the inclusive dates when a specific reporting period is 
covered. 
5. AUTHOR@): Enter the name($ of authods) a s  shown on 
or in the report. E n t a  l a s t  name, first name, middle initial. 
If xilitary, show rank and branch of service. The name of 
the principal ,uthor is an absolute minimum requirement. 
6. REPORT DATI- Enter the date of the report a s  day, 
month, year; or month, year. If more than one date appears 
on the report, use  date of publication 
7a. TOTAL NUMBER OF PAGES The  total page count 
should follow normal pagination procedures, Le., enter the 
number of pages containing information. 
76. NUMBER O F  REFERENCES Enter the total number of 
references cited in the report. 
8a. CONTRACT OR GRANT NUMBER: If appropriate, enter 
the applicable number of the contract or grant under which 
the  report was written. 
86, &, & 8d. PROJECT NUMBER. Enter the appropriate 
military department identification, such a s  project number, 
subproject number, system numbers, task number, e t c  
9a.  ORIGINATOR’S REPORT NUMBER(S): Enter the offi- 
cial report number by which the document will be  identified 
and controlled by the  originating activity. This number must 
b e  unique to this report. 
96 .  OTHER REPORT NUMElER(S): If the  report has been 
assigned any other report numbers (either by the origlnator 
or by the sponsor), also enter this number(s). 
10. AVAILABILITY/LIMITATION NOTICES Enter any lim- 
itations on further dissemination of the report, other than thosi 

imposed by security classification, using standard statements 
such as: I 

(1) “Qualified requesters I may  obtain copies of this 
report from DDC” 
“Foreign announciment and dissemination of this 
report by DDC is 4ot authorized. ” 
“U. S. Government agencies may obtain copies of 
this report directls from DDC. Other qualified DDC 
users shall request through 

(2) 

(3) 

I ,  

(4) [‘U. S. military a g h c i e s  may obtain copies of this 
report directly fro& DDC Other qualified users  
shall request thro(gh 

( 5 )  “All distribution c,f this report is controlled Qual- 
ified DDC users shall request through 

I S  

If the report has  been f h s h e d  to the Office of Technical 
Services, Department of Commerce, for s a l e  to the public, indi- 
ca te  this fact and enter thelprice, i f  known. 
It SUPPLEMENTARY NCjTES: Use for additional explana- 
tory notes. 
12. SPONSORING MILITAi?Y ACTIVITY Enter the name of 
the departmental project office or laboratory sponsoring (pay 
ing for) the research and d4velopment. Include address. 
13. ABSTRACT: Enter an’abstract  giving a brief and factual 
summary of the document inldicative of the report, even though 
i t  may also appear elsewhe!re in the body of the technical re- 
port. If additional space is’ required, a continuation shee t  ahall 
be attached. 

It is highly desirable tliat the abstract of classified reports 
be unclassified. Each pardgraph of the abstract shall end with 
an indication of the militaq’. security classification of the in- 
formation in the paragraph, kepresented a s  (Ts), (s), (C ) ,  o r  (V). 

There is no limitation the length of the abstract. How- 
ever, the suggested length i:s from 150 to 225 words. 

14. KEY WORDS: Key words are technically meaningful terms 
or short phrases that charaiterize a report and may be used a s  
index entries for cataloging the report. Key words must be 
selected so that no security classification is required. Identi- 
fiers, such a s  equipment mddel designation, trade name, militan 
project code name, geographic location, may be used a s  key 
words but will be followed &y an indication of technical con- 
text. The assignment of links, mles, and weights is optional. 

I 

I ID 1473 (BACK) UIKLASSIFIED 
Security Classification 


